Polymerases are metal-activated enzymes that use divalent metals for nucleotide polymerization. The paradigm for catalysis by DNA-dependent RNA polymerases is that two Mg 2ϩ ions coordinate the nucleotides and catalyze the formation of the phosphodiester bonds (11) . These metals are specifically recognized by amino acids in the catalytic pocket of the polymerase.
RNA viruses can initiate RNA synthesis by a number of mechanisms. Many use a de novo initiation mechanism in which the first phosphodiester bond is formed between the initiation nucleotide, usually a purine triphosphate, and a second nucleoside triphosphate (NTP). Others, such as poliovirus, use a primer-dependent mechanism (25) . Yet others, such as the influenza virus, can use a combination of the two strategies, depending on the RNA to be synthesized (8) . Flaviviridae RNA-dependent RNA polymerases (RdRps) can initiate RNA synthesis by a de novo mechanism (12, 13, 14, 21, 23, 33, 40) . De novo initiation is likely the mechanism used during flavivirus replication in vivo (3, 13) . The hepatitis C virus (HCV) nonstructural protein 5B (NS5B), the RdRp, has a ␤-loop near the catalytic pocket (4, 18) that has been proposed to discriminate against primer extension and to provide at least part of the structural basis for de novo initiation (9) . Despite the presence of the ␤-loop, the HCV and other flaviviral RdRps are capable of primer extension. In fact, primer extension is so robust that de novo initiation of RNA synthesis was not observed in some early studies (2, 7, 19, 20, 38) . These results beg the question of how primer extension and de novo initiation are differentially achieved by the same recombinant flaviviral RdRps.
In RNA synthesis assays, the addition of 1 to 2 mM Mn 2ϩ to a reaction mixture containing Mg 2ϩ increased RNA synthesis, while higher concentrations tended to be inhibitory (7, 21) . Mn 2ϩ has been reported to affect several polymerase activities, such as decreasing the specificity for the template and in nucleotide incorporation, lowering the K m for template binding, and increasing terminal nucleotide addition (24, 29, 34, 35, 37) . These observations and the low physiological concentration of Mn 2ϩ led some researchers to rule out a role for Mn 2ϩ in the normal mechanism of viral RNA synthesis in the infected cell.
There is some suggestive evidence that Mn 2ϩ may play a more active role in RNA-dependent RNA synthesis in at least some RdRps. The crystal structures of the RdRp from phage 6 can, in the absence of NTPs, bind either Mg 2ϩ or Mn 2ϩ at a site approximately 6 Å from the catalytic aspartate residues, an unexpected feature in comparison to other polymerases (5) . In the presence of nucleotide, the crystal structure of the RdRp from a calicivirus can form a closed and presumably active structure in the presence of two Mn 2ϩ ions (22) . Mn 2ϩ also has a higher occupancy rate in the HCV RdRp than Mg 2ϩ (3) . Using a template capable of both de novo initiation and primer extension, we found that Mn 2ϩ is strongly preferred for de novo initiation by the HCV RdRp and increases de novo initiation by the RdRp from bovine viral diarrhea virus (BVDV). In contrast, the HCV RdRp preferentially performed primer extension in the presence of Mg 2ϩ . Analysis of C-terminally truncated HCV RdRps revealed that the C-terminal portion of the RdRp contributes to Mn 2ϩ -dependent de novo initiation and the suppression of primer extension. Spectroscopy examining the intrinsic fluorescence of tyrosine and tryptophan residues in the HCV RdRp confirms that the presence of Mg 2ϩ or Mn 2ϩ resulted in a spectral change in the protein.
MATERIALS AND METHODS
Purification of NS5B from Escherichia coli. NS5B proteins were expressed in fermentors from pET derivatives of E. coli BL21(DE3)LysS. NS5B proteins from HCV, BVDV, and GB virus-B (GBV) were truncated at their C termini by 21, 23 , and 23 amino acids, respectively. In addition, six histidines were added to the C termini of each of the proteins to allow affinity purification. Bacteria were grown at 30°C in standard Luria-Bertani medium supplemented with ampicillin and chloramphenicol at 50 and 34 g/ml, respectively, until the culture reached an optical density at 600 nm of 1.0. The culture temperature was then lowered to 25°C, and expression was induced for 4 h with 1 mM isopropyl-thiogalactoside. Cells were harvested after centrifugation, and recombinant RdRps from HCV, BVDV, and GBV were purified in buffer lacking divalent metals by passage through a Talon nickel-affinity column (Invitrogen, Inc., San Diego, Calif.) followed by passage through a poly(U)-agarose column (Pharmacia Inc). The proteins were adjusted to between 1 and 2 mg/ml after quantification by the Lowry assay with bovine serum albumin as a concentration control. N termini of the expressed proteins were sequenced to confirm the correct translation of each protein.
RdRp activity assays. RNAs were chemically synthesized by Dharmacon, Inc. (Boulder, Colo.), purified by denaturing gel electrophoresis, checked for quality by toluidine blue staining, and quantified by spectrophotometry. Standard RdRp assays consisted of a 0.125 M concentration of template (unless stated otherwise) with 0.08 M NS5B in a 20-l reaction mixture containing 20 mM sodium glutamate (pH 8.2), 12.5 mM dithiothreitol, 0.5% (vol/vol) Triton X-100, 200 M ATP and UTP, 200 M GTP, and 250 nM [␣-
32 P]CTP (Amersham, Inc.). MgCl 2 or MnCl 2 was added to a final concentration of 2 mM unless otherwise stated. Due to the buffer used to store the RdRp, the final reaction mixture also contains 10 mM NaCl. RNA synthesis reaction mixtures were incubated at 25°C for 60 min and stopped by phenol-chloroform extraction followed by ethanol precipitation in the presence of 5 g of glycogen and 0.5 M ammonium acetate. Assays monitoring the effects of temperature were mixed on ice and transferred to different water baths maintained at the indicated temperatures. Products were usually separated by electrophoresis on denaturing (7.5 M urea) polyacrylamide gels. Gels were wrapped in plastic and exposed to film at Ϫ80°C. Each result shown has been reproduced in at least one (usually two to four) other independent experiment. Quantification of radiolabeled bands was performed using a PhosphorImager (Molecular Dynamics, Piscataway, N.J.).
The kinetic constant K m was determined by using the assay described above. To prevent reinitiation and thereby determine the initial reaction rates, heparin (to 0.5 mg/ml) and 50 M nonradiolabeled CTP was added to the reaction mixture after 10 min of incubation. The substrate concentrations ranged from 2 to 100 M in the presence of Mn 2ϩ and 2 to 1,000 M in the absence of Mn 2ϩ . The reaction products were quantified and plotted using Cricket Graph, and the K m value was determined from the x intercept.
Nondenaturing gel electrophoresis. While LE19 and LE21 are expected to have minimally stable RNA structures, their structures were examined using a native gel electrophoresis assay that can detect the formation of higher-orders structures (32) . In some of the reaction mixtures, 2 mM Mn 2ϩ , Mg 2ϩ or both were added to the RNAs to assess whether there is an influence on the structures of the RNAs. All reactions contained 10 M RNA and 100 mM KCl. The RNAs were detected by staining with toluidine blue.
Tryptophan and tyrosine fluorescence spectroscopy. Measurements were performed using a Perkin-Elmer GmbH (Wellesley, Mass.) LS50 spectrofluorometer. For tryptophan fluorescence measurements, the excitation wavelength was set at 295 nm and the emission spectra were recorded from 300 to 400 nm with a 5-nm bandwidth of excitation and emission. For tyrosine fluorescence measurements, the excitation wavelength was set at 275 nm and the emission spectra were recorded from 285 to 400 nm with a 5-nm bandwidth of excitation and emission. All measurements were done at 4°C and repeated at least twice and averaged. HCV NS5B ⌬21 (1 M) and Mg 2ϩ or Mn 2ϩ at the specified final concentrations were diluted with a buffer containing a final concentration of 50 mM HEPES (pH 7.5), 300 mM NaCl, and 1 mM dithiothreitol.
RESULTS
De novo initiation and primer dependent RNA synthesis. Recombinant RdRps from HCV, GBV, and BVDV were purified to single band in a Coomassie blue-stained gel (Fig. 1) . Characterization of de novo-initiated RNA synthesis by the HCV and BVDV RdRps has been reported earlier (14, 16, 40) . The GBV RdRp was demonstrated to initiate RNA synthesis by a de novo mechanism and to extend from a primer (C. T. Ranjith-Kumar, J. Lin-Goerke, L. A. Gutshall, et al, unpublished data).
RNA synthesis assays primarily used a 19-nucleotide (nt) RNA, LE19 ( Fig. 2A) , whose sequence is derived from the 3Ј end of the minus-strand BVDV genome. There are many reasons for using LE19. First, since it has only one cytidylate at the initiation position, LE19 allows us to use GTP only for initiation and not for elongation. Second, as will be shown in this work, it directs robust levels of RNA synthesis by all three recombinant RdRps. Third, LE19 can be used to detect four RdRp activities within the same reaction: de novo initiation, primer extension, terminal transferase activity (29) , and RNA template switch leading to the formation of recombinant products (15) . Terminal transferase activity would add nontemplated nucleotides to LE19, resulting in products longer than 19 nt. De novo initiation from the 3Ј-terminal cytidylate that terminated at the 5Ј end of LE19 would result in a 19-nt newly synthesized RNA. Should the de novo-initiated ternary complex not terminate and use a second template to continue synthesis (as shown in reference 15), the product of this template switch event will be ca. 38 nt long. Finally, should two LE19 molecules anneal through six base-paired nucleotides involving the 3Ј ends of the RNAs (Fig. 2A, schematic right) to form a structure capable of primer extension, the 32-nt primer extension product, based on its sequence, can form in the absence of GTP ( Fig. 2A) .
In a typical reaction containing Mg 2ϩ and Mn 2ϩ , the HCV RdRp produced a 19-nt RNA expected from de novo initiation and proper termination as well as a 32-nt RNA that is likely due to primer extension (Fig. 2B, lane 1) . In the absence of GTP only the 32-nt RNA was observed, consistent with this RNA being the product of primer extension (Fig. 2B, lane 3) .
To demonstrate that the 19-nt RNA is indeed due to de novo initiation, we tested a version of LE19 that has a 3Ј-OH blocked by puromycin (LE19P). LE19P should remain capable of de novo initiation but not primer extension. It did indeed produce the 19-nt de novo-initiated RNA, but not the 32-nt RNA (Fig. 2B, lane 5) . To confirm further that the 32-nt RNA originated by primer extension, we used RNase T 1 digestion, which cleaves the phosphodiester bond 3Ј of a guanylate (sites of cleavage are shown by arrows in Fig. 2A ). Both 19-nt de FIG. 2 . RNA LE19 and the products that could form by de novo initiation and primer extension. (A) LE19 can form a stem-loop structure that mimics the structure found to be conducive for RNA synthesis (structure on the left) (see reference 14) . Two molecules of LE19 could also anneal to allow primer extension from the 3Ј-most nucleotide of each RNA (structure on the right). In RNA LE21, two nucleotides, A and U, are inserted near the 3Ј end (denoted with triangles), increasing the number of base pairs in the heterodimer from six to eight, thus favoring primer extension. The 19-nt product from de novo initiation and the 32-nt product made from primer extension are shown in the boxes. The expected RNase T 1 cleavage sites from these two RNAs are shown with arrows, and the radiolabeled products of 18 nt are identified. (B) Autoradiogram of the products by the HCV RdRp ⌬21 from LE19 and LE19P, a modified version of LE19 containing a 3Ј puromycin, and LE21. The reactions were performed with (ϩ) or without (Ϫ) 200 M GTP. Reactions in lanes identified by "T1" were treated with RNase T 1 , while those in lanes denoted with "U" were untreated. The number of nucleotides in the RdRp products is shown on the sides of the autoradiogram. The ratio of de novo initiation to primer extension (PE) RNA products obtained with LE19 and LE21 is given at the bottom of the autoradiogram. The lengths were identified by comparison to multimeric products of recombination from the BVDV RdRp using templates of 13, 14, 15, and 20 nt (15). (C) The structures of LE19 and LE21 in solution, as analyzed by nondenaturing gel electrophoresis. The analyses used 20% polyacrylamide gel that lacked urea. Two gels were run in parallel, one at 20°C and one at 4°C. All RNAs were in a buffer that contained 100 mM KCl and a 2 mM concentration of the divalent metal indicated above the stained gel. A faint band indicative of higher-order interactions (*) is observed in the gel electrophoresed at 4°C. To establish further that primer extension occurs through base pairing at the 3Ј termini of two LE19 molecules, we synthesized LE21, which contains an additional two nucleotides, AU, 5Ј of the initiation cytidylate. These two nucleotides increase the stability of the heteroduplex between two LE21 molecules ( Fig. 2A , schematic on the right) and should produce primer extension and de novo-initiated RNAs of 34 and 21 nt, respectively. LE21 did produce the products of expected sizes (Fig. 2B, lane 9 ). In the absence of GTP, only the primer extension product of 34 nt was produced (Fig. 2B, lane 10) . Furthermore, the ratio of the de novo-initiated RNA to primer-extended RNA was 2.5 with the products from LE19 but was 1.5 with the products from LE21 (compare Fig. 2B , lanes 1 and 9).
Next, we examine whether the structure of LE19 and LE21 are affected by divalent metal ions using native gel electrophoresis, which is highly sensitive to both intra-and intermolecular interactions in RNA molecules (Fig. 2C ). Both LE19 and LE21 existed in solution as one predominant conformation. This conformation was not apparently affected by the presence or absence of either 2 mM Mg 2ϩ or Mn 2ϩ (Fig. 2C , lanes 1 to 8). However, a minor alternative structure was apparent in both LE19 and LE21 when electrophoresis was performed at 4°C, possibly due to intermolecular interactions (denoted with asterisks in Fig. 2C ). This alternative conformation is labile to higher temperatures, since the same RNAs electrophoresed at 20°C do not possess this conformation. This result indicates that the effect of the Mg 2ϩ and Mn 2ϩ on de novo initiation and primer extension is not through an effect on the structures of the RNAs.
Effect of metal ions on RNA synthesis. Reports wherein de novo initiation products were observed (e.g., see reference 13) usually included Mn 2ϩ in the reactions. The HCV RdRps purified with buffers lacking divalent metals were used to examine the effects of increasing concentrations of exogenously provided divalent metals. In the absence of exogenously provided metal, no RNA synthesis was observed, as expected ( Fig.  3A and B) . However, when Mg 2ϩ was increased to 0.5 mM, both the primer-extended and the de novo-initiated products were observed, with the primer-extended products being 6-to 12-fold more abundant in several independent experiments (Fig. 3A) . Higher Mg 2ϩ concentrations further increased both the 21-and the 34-nt products, with the optimal concentration being between 1 and 5 mM. For reactions with Mn 2ϩ , the addition of a 0.1 mM concentration of Mn 2ϩ produced detectable amounts of both the primer-extended and the de novoinitiated RNAs (Fig. 3B) . Unlike the products in reactions with Mg 2ϩ , the de novo-initiated RNA was present at a relatively higher abundance (Fig. 3C, lanes 1 to 3 and 10 to 12 ). Further increases in Mn 2ϩ up to 2.5 mM resulted in high levels of RNA synthesis until the concentration was beyond 5 mM, when inhibition of RNA synthesis was observed. These results demonstrate that Mg 2ϩ and Mn 2ϩ can differentially affect de novo initiation and primer extension. For most of the subsequent reactions, Mg 2ϩ was used at either 2 or 4 mM final concentration and Mn 2ϩ was used at 2 mM. In comparison to the HCV RdRp, the BVDV and the GBV RdRps had notable differences in RNA synthesis in response to the presence of divalent metals (Fig. 3C) . While the HCV RdRp produced a greater abundance of primer-extended 32-nt RNA from LE19 in comparison to the 19-nt de novo-initiated RNA (Fig. 3C, lane 2) , the BVDV and GBV RdRps produced high levels of the de novo-initiated 19-mer in the presence of Mg 2ϩ (Fig. 3C, lanes 5 and 8) . The addition of 2 mM Mn 2ϩ increased the amount of the de novo-initiated RNA by the BVDV RdRp (Fig. 3C, lane 6) . However, many of these de novo-initiated products contained one to three nontemplated nucleotides, resulting in a ladder of bands (Fig. 3C, lane 6) . At 2 mM, Mn 2ϩ was inhibitory to both modes of RNA synthesis by the GBV RdRp (Fig. 3C, lane 9) . Reactions with 1 mM Mn 2ϩ had less of an inhibitory effect (Ranjith-Kumar et al., unpublished results). When LE21 was used as the template, the primer extension product increased relative to the de novo initiation product for all three RdRps, respectively (Fig. 3C , compare lanes 2, 5, and 8 with lanes 11, 14, and 17). Since RNA syntheses by the three viral RdRps were all performed with the same template and NTP concentrations, the divalent metal is affecting the activity of the RdRps, not just interacting with the substrates for RNA synthesis.
Given (Fig. 4A, compare lanes 9 to 16 with lanes 17 to 24) . Finally, the de novo initiation product was abundant in reactions with both metals, indicating that Mn 2ϩ can independently induce de novo initiation even when Mg 2ϩ is present (Fig. 4A,  lanes 17 to 24) .
RNA synthesis by HCV was reported to take place primarily by oligomeric forms of the RdRp (27, 36) . Therefore, RNA synthesis was examined in reactions with increasing amounts of the HCV RdRp (Fig. 4B ). In the presence of 2 mM Mg 2ϩ , de novo initiation of RNA synthesis was maximal at ϳ0.48 M protein (Fig. 4B, lane 7) , while primer extension was maximal at ϳ0.24 M (Fig. 4B, lane 6) . In the presence of Mn 2ϩ , de novo initiation increased with higher protein concentrations (Fig. 4B) . These results suggest that de novo initiation and primer extension have slightly different requirements.
Effect of metal ions on specificity for de novo initiation. It is possible that Mg 2ϩ cannot efficiently effect de novo initiation because primer extension is somehow inhibitory to de novo initiation. To examine this possibility, we performed RNA synthesis with LE19P, which is capable of de novo initiation, but not primer extension (Fig. 2B) . In the presence of only Mg 2ϩ , synthesis of the 19-nt de novo-initiated RNA was barely above background levels, and the addition of Mn 2ϩ increased this product by sevenfold (Fig. 5A ). This effect is comparable to that seen with LE19 even though LE19P cannot allow primer extension due to the absence of a 3Ј hydroxyl. These results show that Mg 2ϩ is incapable of directing de novo initiation efficiently even when primer extension is blocked. Furthermore, Mn 2ϩ can induce de novo initiation even in the absence of primer extension.
Earlier studies have shown that a 3Ј cytidylate is preferred for de novo initiation of RNA synthesis by the HCV RdRp (14) . Whether metal ions influence the specific use of a 3Ј cytidylate was examined by comparing rates of synthesis from LE19 and ϩ1U, which contains a 3Ј uridylate that is substituted for the cytidylate in LE19 (Fig. 5B) . HCV RdRp produced sevenfold more product from LE19 than from ϩ1U in the presence of Mn 2ϩ , indicating an inherent, metal-indepen- (Fig. 5B, lanes 2, 3, 5 , and 6). We attempted to confirm these observations with 14-nt RNAs named 14-C and 14-U, which have a cytidylate and uridylate, respectively, as their 3Ј-most nucleotide (Fig. 5C ). In the presence of Mn 2ϩ , 11% of de novo RNA synthesis was observed with 14-U in comparison with 14-C. Reactions with Mg 2ϩ produced nearly undetectable amounts of RNA synthesis with 14-U. These results confirm that an initiation cytidylate is preferred for de novo initiation of RNA synthesis irrespective of whether Mg 2ϩ or Mn 2ϩ ions are present. The specific degrees of recognition of the initiation nucleotide analogs by the HCV, BVDV, and GBV RdRps are compared in more detail in the accompanying manuscript (30) .
To investigate further the role of Mn 2ϩ ions in de novo initiation, the K m values for the initiation GTP used in RNA synthesis were determined in the presence of 4 mM Mg 2ϩ and 1 mM Mn 2ϩ (Fig. 6A) , or only 4 mM Mg 2ϩ (Fig. 6B) . The K m of GTP for HCV RdRp was 3 Ϯ 0.3 M in the presence of Mn 2ϩ and 103 Ϯ 12 M in its absence. These results indicate that Mn 2ϩ increases the use of GTP for initiation, perhaps by interacting with GTP directly and/or causing a change in the active site of the RdRp. We did not see a significant increase in V max when both metals are present compared to reactions with only Mn 2ϩ . Mn 2؉ increases de novo initiation in reactions with physiological GTP concentrations. The significant differences in K m values for GTP in the presence and absence of Mn 2ϩ suggest that Mn 2ϩ could play a more active role in RNA synthesis in vivo when the GTP concentration is limiting. In our reactions, GTP was at 200 M, twice the K m for the reaction with only Mg 2ϩ . Physiological concentrations of GTP in mammalian cells are estimated to be approximately 0.4 mM (31). To examine the effect of GTP concentration from 0 to 2 mM, RNA synthesis from LE21 was determined in reactions containing Mg 2ϩ as the only metal (Fig. 7) . As expected, reactions containing no GTP produced mostly the 34-nt primer-extended product (Fig. 7, lane 1) . The addition of GTP to 0.1 mM allowed the detection of the de novo-initiated 21-nt RNA (Fig.  7, lane 2) . At GTP concentrations up to 2 mM, only a slight increase in amounts of de novo-initiated 21-nt product was observed. The addition of 1 or 2 mM Mn 2ϩ to the reaction mixture with 2 mM GTP increased the amount of the de novo-initiated 21-nt RNA by up to 10-fold (Fig. 7, lanes 7 and  8) .
Interestingly, increasing the GTP concentration inhibited the production of the primer extension product in a concentration-dependent manner (Fig. 7, lanes 1 to 6) . This effect does not require Mn 2ϩ and will be more thoroughly examined in a later report. formed in the absence or presence of GTP, which is required for de novo initiation (Fig. 2B ). In the absence of GTP, the 34-nt primer extension product was made in reactions containing either Mg 2ϩ or Mn 2ϩ , indicating that Mn 2ϩ could support primer extension (Fig. 8, lanes 4, 5, 8, and 9 ). When both GTP and Mn 2ϩ are present, the primer extension product decreased by 18-to 20-fold relative to that in the reaction that could not initiate de novo (Fig. 8 , compare lanes 6 and 7 to lanes 8 and 9). These results indicate that the negative effect Mn 2ϩ had on primer extension is likely through a decrease in the available substrates for RNA synthesis.
In these reactions, the de novo-initiated RNA synthesis increased by 14-fold in the presence of Mn 2ϩ compared to Mg 2ϩ (Fig. 8 , compare lanes 2 and 3 to lanes 6 and 7). This increase is likely to be underestimated since we are not quantifying the products of template switch, which also initiated de novo, but were generated by a template switch event due to the ternary polymerase complex not terminating synthesis at the end of the first template (15) (please note the 42-nt RNA in Fig. 8, lanes  6 and 7) . Analyses of mutant HCV RdRps. The observations that Mn 2ϩ and Mg 2ϩ had different optimal temperatures for de novo initiation and primer extension suggest that they may affect the conformation of the RdRp. This effect would be . We seek to obtain more direct evidence for such a change in the HCV RdRp in the presence of Mn 2ϩ by mutating regions that could contribute to the formation of the HCV active site, as predicted by the crystal structures of the HCV RdRp (4, 18) .
One structure that is likely to be involved in de novo initiation is the ␤-loop located between amino acids 443 and 454 in the HCV RdRp that protrudes into the catalytic pocket and could play a role in discriminating against double-stranded RNA templates in RNA synthesis (3, 9) . Proteins with amino acid substitutions C445A, C445F, Y448A, Y448S, and D444A were produced and tested for RNA synthesis using LE21 in the presence of only Mg 2ϩ or both Mg 2ϩ and Mn 2ϩ ( Fig. 9A and  B) . The ratio of the 21-nt de novo-initiated RNA to the 34-nt primer extension product was determined to assess the relative amount of the two modes of syntheses by each mutant protein (Fig. 9C ). ⌬21 and all mutant proteins except for Y448S had ratios ranging from 0.06 to 0.19 in the presence of only Mg 2ϩ and 3.0 to 6.4 in the presence of both Mg 2ϩ and Mn 2ϩ . Y448S had a ratio of 0.32 and 30.7 with Mg 2ϩ and Mn 2ϩ , respectively (Fig. 9C) . We note that all of the mutant proteins retained a significant increase in de novo initiation in the presence of Mn 2ϩ , indicating that the mutations do not directly affect Mn 2ϩ binding (Fig. 9B) . It is more likely that the conformation of the structures comprising the active site is affected by this change.
The C-terminal tail of the HCV RdRp is located close to the catalytic site and may play a role in initiation (18) . To determine whether it affects the metal requirement in RNA synthesis, we removed 38, 43, and 51 amino acids at the C-terminal portion of the HCV NS5B (Fig. 9A) . The truncated proteins, named according to the number of amino acids deleted, were tested for de novo initiation and primer extension in the presence and absence of Mn 2ϩ (Fig. 9D ). All truncated proteins retained the capability of de novo initiation but were affected in the amount of primer extension products (Fig. 9D) , whereas ⌬21 and the mutant RdRps produced low but detectable amounts of de novo-initiated product in the presence of only Mg 2ϩ (Fig. 9D) . Furthermore, while ⌬21 had significantly lower primer extension relative to de novo initiation when Mn 2ϩ was present, ⌬43 and ⌬51 retained high levels of primer extension (Fig. 9C) .
The activities of ⌬51 in the presence of either Mg 2ϩ or Mn 2ϩ were characterized further (Fig. 10A) . Compared to ⌬21, ⌬51 had higher overall activity for primer extension with increasing Mg 2ϩ concentrations (Fig. 10A, lanes 2 to 5, and  3A) . Furthermore, primer extension was not inhibited as efficiently as reactions with ⌬21 when Mn 2ϩ was present in increasing concentrations (Fig. 10A, lanes 6 to 9 and Fig. 3A) . To determine the degree to which Mn 2ϩ affects primer extension and de novo initiation by ⌬51, RNA synthesis reactions were performed in reaction mixtures containing 4 mM Mg 2ϩ and various concentrations of Mn 2ϩ (Fig. 10B) . Primer extension by ⌬21 decreased gradually with increasing Mn 2ϩ concentration, while de novo initiation increased (Fig. 10B, lanes 1 to 5) . In contrast, while primer extension by ⌬51 increased upon the FIG. 7 . Effects of GTP concentration on primer extension and de novo initiation. The 34-nt RNA resulted from primer extension, while the 21-nt RNA initiated de novo. Some additional bands between 21 and 34 nt are due to either premature termination of the primer extension or terminal nucleotide addition to LE21. Concentrations of nucleotides are indicated above the autoradiogram. The product in the lane with the number 100 in boldface type was used to normalize products in other lanes. Mn 2ϩ can increase de novo initiation in the presence of 2 mM GTP.
FIG. 8. The effects of Mn
2ϩ on primer extension by the HCV ⌬21 from template LE21. Conditions used in each reaction are indicated above the autoradiogram. The de novo-initiated RNA is 21 nt, and the primer extension product is 34 nt. The 42-nt RNA is generated by the HCV ternary complex that did not terminate synthesis from LE21 but used a second molecule of LE21 to continue synthesis. This RNA is initiated de novo and is a recombination product. Quantifications of the products synthesized by de novo initiation (the 21-mer) and primer extension (the 34-mer) are shown below the autoradiogram. The product in the lane with the number 100 in boldface type was used to normalize other products. addition of up to 100 M Mn 2ϩ , it decreased with Mn 2ϩ concentrations higher than 0.5 mM (Fig. 10B, lanes 6 to 10) . Since the Mn 2ϩ binding sites in the catalytic pocket are not directly affected by the deletions, the difference between ⌬21 and ⌬51 suggests that the C terminus responds to binding to Mn 2ϩ perhaps by some change in its conformation. It is possible that the C terminus of the HCV RdRp normally participates in concert with the ␤-loop, in the exclusion of doublestranded templates (40) .
Fluorescence spectroscopy analysis. We used the intrinsic fluorescence of the aromatic residues in the HCV RdRp to monitor whether metals induce a detectable change in the HCV ⌬21 protein. Fluorescence of aromatic amino acids is highly sensitive to the local environment and is a suitable method of examining conformational changes in proteins (17) . ⌬21 has nine tryptophans, one of which (Trp 550 ) is located in the C-terminal tail of the HCV NS5B. ⌬21 has 21 tyrosine residues, including Tyr 448 located in the novel ␤-loop (Fig. 9A ) and Tyr 555 and Tyr 561 in the C-terminal tail. The emission spectra of intrinsic tryptophan fluorescence of ⌬21 were obtained in the absence and presence of 0.1 and 2.0 mM of Mg 2ϩ or Mn 2ϩ (Fig. 11A) . In these reactions, monovalent salt is included at 300 mM to diminish the effect of nonspecific salt addition to the protein. None of the buffer components, including either Mg 2ϩ or Mn 2ϩ , produced significant signal under these conditions (Fig. 11A) . Furthermore, maximum emission of the tryptophan fluorescence was observed at the expected 340 nm (17) . In the presence of 2 mM Mg 2ϩ or Mn 2ϩ , tryptophan fluorescence decreased by 5 and 7%, respectively, in comparison to that in ⌬21 lacking divalent metals (Fig. 11A) . Independently acquired spectra of each sample varied by less than 1% in independent measurements. The decrease in tryptophan fluorescence in the presence of Mn 2ϩ may reflect some contribution from the quenching of To confirm the effects of metal on fluorescence spectra of ⌬21, we measured intrinsic tyrosine fluorescence. The maximum emission of tyrosine fluorescence was observed at 339 nM, and buffer and metals again did not contribute significantly to the observed spectra (Fig. 11B ). In the presence of 2 mM Mg 2ϩ or Mn 2ϩ , tyrosine fluorescence decreased by 5 and 10%, respectively (Fig. 11B) . To our knowledge, Mn 2ϩ does not cause nonspecific quenching of tyrosine fluorescence, although the spectra are complicated by some contribution of the tryptophan fluorescence. The results with tryptophan and tyrosine fluorescence are consistent with the hypothesis that both Mg 2ϩ and Mn 2ϩ can cause a detectable conformational change in the HCV RdRp.
Lastly, to determine whether the effects of Mg 2ϩ and Mn 2ϩ on the decrease in the fluorescence of the HCV ⌬21 are specific, we measured the intrinsic tryptophan fluorescence of the HCV ⌬21 in the presence of Ni 2ϩ and Co 2ϩ , two metals that are incapable of efficiently directing RNA-dependent RNA synthesis. Spectra obtained with 0.1 or 2 mM concentrations of these divalent metals resulted in a Ͻ1% change in the intrinsic fluorescence (Fig. 11C) .
DISCUSSION
The HCV RdRp is capable of both primer extension and de novo initiation, with the latter mechanism being more likely to be used to initiate viral RNA synthesis in an infected cell (see reference 13 and references within). We used RNA templates capable of supporting both de novo initiation and primer extension to determine that Mn 2ϩ plays an important role in facilitating de novo initiation in vitro. The ability to use Mn 2ϩ is especially evident with the HCV RdRp, although similar effects are also seen with the BVDV RdRp. The fact that different RdRps respond differently to metal indicates that this is an inherent property of the flaviviral RdRps.
While divalent metals have well-recognized effects on the template and NTPs, we have observed a small but reproducible effect on the conformation of the HCV RdRp in the absence of template or NTPs. This effect was observed even in the presence of 0.3 M monovalent salt, which should discourage nonspecific ionic interactions. Co 2ϩ and Ni 2ϩ do not cause a change in the intrinsic fluorescence of the HCV RdRp (Fig.  11) . Along with the effects on viral RNA synthesis by mutant HCV RdRp (Fig. 9) , Mg 2ϩ and Mn 2ϩ likely exert their effects at the active site of the polymerase rather than a nonspecific site in the polymerase. The affected region involves at least the ␤-loop and the C-terminal portion of the RdRp.
Divalent metals are known to modulate substrate selectivity of DNA-dependent RNA polymerases (10, 34) . For the HCV RdRp, Mn 2ϩ improved the K m value for the initiation GTP from 103 to 3 M. Mn 2ϩ also decreased primer extension since its addition to reactions containing Mg 2ϩ not only increased de novo initiation but also reduced primer extension activity.
An emerging theme in studies of viral RdRp structure and function is that metals can regulate the activities of viral RdRps in addition to performing nucleotide polymerization. The dengue virus replicase was suggested to exist in at least two conformational states that are in dynamic equilibrium (1) . The so-called closed conformer, formed at lower temperatures, is more capable of de novo initiation, while the form that preferentially exists at higher temperatures favors primer-dependent synthesis. The crystal structure of the calicivirus RdRp also exists in closed and open conformations that are, respectively, active and inactive for RNA synthesis in vitro (22) . The The changes induced by metal are likely to be within the HCV RdRp catalytic pocket rather than being a higher-order change such as the oligomerization of the protein (Fig. 12) . Dynamic light-scattering experiments to examine the solution radius of the protein revealed that, in the absence of metal, the HCV RdRp exists primarily as a monomer with an average radius of ca. 70 kDa, a good fit with the mass of the HCV RdRp. Addition of metals to the protein did not result in a significant change in the calculate mass of the HCV RdRp (S. Khandekar, unpublished results).
A low-affinity, GTP-specific binding site was recently found between the thumb and finger domains of the HCV RdRp (3) and could affect the oligomerization of the HCV RdRp, a process that may facilitate cooperative RNA synthesis by the HCV RdRp (36) . This site is specific for GTP, forming bonds with the base and the ribose. We found that higher concentra- Model for the modes of RNA synthesis by the HCV RdRp, as modulated by divalent metals. At left is a schematic of the HCV ⌬21 protein purified in the absence of metal. While the assumption of the lack of both metals remains to be confirmed by atomic mass absorption experiments, the protein is incapable of either primer extension or de novo initiation of RNA synthesis in the absence of exogenously provided metal ions. The three sections of the cartoon denote the thumb (T), palm (P), and finger (F) domains. The inset shows local conformational changes that take place in HCV ⌬21 in the presence of Mg 2ϩ and Mn 2ϩ . Four-pointed stars denote Mg 2ϩ ions, and circles denote Mn 2ϩ ions. GTP binding to the junction between T and F domains is hypothesized to narrow the template channel and help exclude a primed template in a reaction that involves the very C-terminal residues of the HCV RdRp. (Fig. 7) . It remains to be determined whether GTP-binding to the low-affinity site causes a narrowing of the template-binding channel that, along with the ␤-loop and the C-terminal tail, contribute to the exclusion of primed templates at the active site of the HCV RdRp (Fig. 12) . It is likely that several coordinated changes in the RdRp help to discriminate against primed templates, not just the ␤-loop (9). In support of this claim, ⌬21 and all of the HCV proteins we tested that contain an intact ␤-loop remain perfectly capable of primer extension (Fig. 9) (19, 20) .
Could the observed effects of metal have biological relevance? Manganese is known to decrease the specificity for nucleotide incorporation by polymerases (10, 34) . Consistent with the effects on DNA-dependent RNA polymerases, we found Mn 2ϩ to slightly increase initiation from a 3Ј uridylate and expand the use of several GTP analogs for initiation (30) . However, Mn 2ϩ did not cause the HCV RdRp to lose recognition of the template initiation cytidylate or efficiently use ATP to initiate RNA synthesis ( Fig. 5B and C) . Also, Mn 2ϩ increased RNA synthesis even when GTP concentrations were at least the concentration found inside the cell (Fig. 7) . Thus, while Mn 2ϩ can be detrimental to high-fidelity RNA replication, it increases the frequency of initiation by at least fivefold. In fact, the quantification of the de novo-initiated product in our assay is likely underestimated since we did not include the products arising from template switch, which also arose from de novo initiation (e.g., as shown in Fig. 8 ). We observe that higher de novo initiation gives rise to an increased level of template switch in comparison to primer extension, consistent with the observations of Kim and Kao (15) .
One proposed reason for Mn 2ϩ not being used in viral RNA replication is that it is present at less than 1% of the abundance of Mg 2ϩ (28, 39) . However, this could be overcome by a higher affinity of the RdRp for Mn 2ϩ . Viral and cellular enzymes that specifically use Mn 2ϩ as a cofactor have been described previously (26) . The higher amount of initiation could overcome any negative selective pressure from a more error-prone RNA synthesis mechanism. In fact, viral RNA replication is an inherently error-prone process (reference 6 and references within). It remains possible that a subset of the RdRps in the cell could contain Mn 2ϩ and thus are programmed to be more error prone during synthesis as a way to increase the diversity in the viral population. Alternatively, it is possible that HCV RNA replication is kept at a lower level than is theoretically possible by using only Mg 2ϩ as the sole catalytic metal.
